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Executive Summary

This is a proposal submitted by Brookhaven National Laboratory (BNL), together with university partners
having compatible research goals, to the U.S. Department of Energy (DOE), Office of High Energy Physics
(OHEP), to conduct Detector R&D focused on the improvement of detector technologies and capabilities to
support a more effective pursuit of future programs of neutrino research, especially in the neutrino oscillations
sector where the scope of a definitive physics\program can already be foreseen. Our proposals emphasize the
R&D needed to optimize the design of a megat i
baseline neutrino oscillations and proto

Detector R&D work proposed here will co uture national

research direction.

Although we identify the large DUSEL detector as a'k
intermediate-term neutrino projects. Specifica W

decay searches. Our 1*
software to optimize the
re to critically compare the
s. Our 2™ priority is the
kov and 11qu1d scmtlllator detectors possibly

Project Naﬁ\ \;:?D FY 2th6 FY 2007 | FY 2008 Sum
ibrity | (FY06 BK) | (FY06 $K) | (FY06 $K) | (FY06 $K)
Detector Simulation/Reconstruction Software 1 364 154 100 618
Photo-sensor R&D 2 / 574 524 402 1500
Liquid Scintillator Detector R&D ~3 / 759 779 960 2498
Liquid Argon Large Detector R&D 3 < 200 200 200 600

"“The Physics of the Universe, a Strategic Plan for Federal Research at the Intersection of Physics and Astronomy ”, National Science
and Technology Council Committee on Science, February 2004, http://www.ostp.gov/html/physicsoftheuniverse2.pdf ; also, “FY
2007 Administration Research and Development Budget Priorities”, J.H. Marburger, III and J.B. Bolten, Executive Office of the

President Memorandum, July 8, 2005, http://www.ostp.gov/html/budget/2007/ostp_omb_guidancememo_FY07.pdf .
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Main Proposal

Introduction:

We urge that a large underground detector with an active mass greater than 100kT become a key shared
physics research facility for the future U.S. particle, nuclear and astrophysics research programs. A recent U.S.
Government policy document, "The Physics of the Universe"', considers the science and technology that would
be provided by such a detector and concludes that it has high scientific value and is also judged to be “Ready
for Immediate Investment and Direction Knows (Page 5). To bring this policy position to practical

ated deep underground to
kov, 11qu1d Argon time-

especially appropriate at this time because of the iitense new intergst in the physics of neutrinos ("The Neutrino
Matrix," and the National Science Foundation's D progess noted above. A unique opportunity for
science could come to fruition in the US by combining a new deep laboratory, a large detector and intense
neutrino beams from existing accelerators at national laboratories.

’DUSEL announcement, http://www.nsf.gov/news/news_summ.jsp?cntn_id=104313&org=MPS&from=news
3 “Neutrinos and Beyond — New Windows on Nature”, National Research Council Study, National Academies Press, 2003.




Principal Investigators:

The Detector-related Neutrino R&D Tasks, described in some detail in the sections below, will be managed by
the following Principle Investigators (PIs). All the proposed work will be performed by BNL and collaborating
university personnel as detailed in the task writeups.

R&D Task Principal Investigator(s)

Task 1 — Neutrino Source & Physics Reach Software M. Diwan, BNL Physics Department
Task 2 — Water Cerenkov Detector Simulation/Resaqnstruction B. Viren, BNL Physics Department
Task 3 — Background and Analysis Package for WC Detector £, Yanagisawa, SBU Department of Physics
Task 4 — Implementation of VLBNO Experiment . Dierckxsens, BNL Physics Department
S M. BishaiBNL Physics Department

Task 9 — Application of Liquid Argon to Large Detectors

1.0 Scientific Scope:

Arguments have also been advance
reconstruction, such as a liquid arg

several rules of thumb have been formulated to characterize such an/experiment:

1) For precise measurements of Am322 and Stn’ 20,3, it is desirablg'to observe a pattern of multiple nodes in the
energy spectrum of muon neutrino disappearamee, Since the gross section, Fermi motion and nuclear effects
limit the resolution of muon neutrino interactions be eV, a wide-band muon neutrino beam with
energy range of 1-6 GeV and a distance of ~2000 km is ne€ded to observe 3 or more oscillation nodes.

2) The appearance spectrum of electron neutrinos from the oscillation of v, to v. contains information about
sin’ 2013, dcp, Am212 and the ordering of neutrino masses through the matter effect (i.e., m; < m; < ms versus
m3 < m; < myp). It was shown in our references that the various parameters can be separated out and
measured using only a single detector in the broad-band 1-6 GeV beam with the ~2000 km baseline.
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3) The matter effect causes the conversion probability to increase with energy and is most pronounced at
energies >3 GeV, whereas the effects of ocp fall as 1/E. Our references show that this energy dependence
can be used to measure the value of 5cp and sin® 20,3 without requiring anti-neutrino data for the case of
normal mass ordering. Neutrino and anti-neutrino data together, will be needed to cover both possibilities
of the mass ordering, and will lead to definitive result on CP-violation and precision measurement of the
CP parameter dcp. The energy dependence becomes larger for longer baseline distances and it is therefore
advantageous to perform the experiment with a very long (> 2000 km) baseline, because we can then relax
the requirements on systematic errors for ftre flux, the cross-sections, the other oscillation parameters, and
for calculation of the matter effect.

In Figs. 1a, 1b, we illustrate the neutring/0svi endence on baseline distance. In these
1 of muon neutrinos as predicted by

already-measured neutrino mass diffetences using an ap hat includes matter effects’. The

figures are plotted for the case of perfegt energy resol A ideal for illustrating the basic
physics behavior. Also plotted is a practi ) spectrum, weighted Hy~aeutrino energy,
able to be generated by a multi-GeV proton a es show
the relative event yields as a function of neutrino efergy, that coul actual experiments, because

WA
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Figs. la,
Fermilalf to the Homestgke
Note that
phase, dcp, are S
baselines. This is an i ! i ) ry long baseline method using a broad-band

beam.

A feature of nearly every beyond the Standard in particle physics is the expectation that
the proton will be unstable against decay into li ‘baryonic particles. Observation of these
postulated, but as yet unobserved, decays would be of prefound importance to our understanding of the
origin and ultimate fate of the universe and would help document physical phenomena reachable by no other
experimental means. We also know for certain that there must be some form of physics beyond the SM in
order to understand and explain phenomena already well known. The highest-priority goal of particle
physics is to discover precisely which version of non-SM behavior describes our universe and to measure its
experimentally accessible properties. Observation of nucleon decay would count among the most important
of such future particle physics achievements.
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The large detector employed for neutrino oscillation experiments, discussed in Physics Topic 1, can be
simultaneously used to conduct an improved search for nucleon decay, provided it is located deep enough
underground (~4000 mwe). Water Cerenkov detectors have long been the dominant technology for pushing
nucleon decay lifetime limits to where they are today. They provide the highest active mass to cost ratio, and
they have good efficiency and background rejections for key proton decay modes. The UNO Collaboration
has described a water Cerenkov detector concept, UNO, that would be sensitive to the postulated proton
decay mode, p — n° e at the level of 10* years, about an order of magnitude beyond the present
experimental limits. In their written documents, the UNO group point out that this advance in sensitivity for
detection of proton decay puts the UNO detector within range of a significant number of theoretical
predictions for non-Standard Model nucleon d¢ . Other groups have begun to develop alternate concepts
for detecting nucleon decay, such as a 11qu1d argoitracking.detector in the 100 kT class’. This type of
detector would be sensitive to the p — tency than a water Cerenkov detector and
could claim sensitivity in the 10°° yea

detector mass reaches the hundreds of kilotons sca
here because it could allow the detection of low. er

s''. If the large
t may become

pernova, in fact, was seen by two
that were active in proton decay searches at

gnificantly more information than
With some 20-100 times the

increase in detector fiducial mass will allow statistical improvements in all the topics studied and, perhaps,
the emergence of new scientific topics. Statistical clarification of the day-night effect for solar neutrinos is
one topic that will benefit from the strongly improved statistics. Other natural sources of neutrinos, such as
relic supernova and lithospheric neutrinos, have not yet been studied extensively and could, in principle, be
observed by the new detector concepts we consider below. An initial result in this area has recently been
announced by KamLAND. Typically, the neutrino energies for these processes are below 10 MeV and are
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sensitively dependent upon the low-energy threshold capability of the new detectors. The liquid scintillator
detector concepts we address are likely to have the best opportunities for advancing these topics, but liquid
argon detectors could also contribute.

Finally, we note that there may be galactic sources of neutrinos that are of lower energy and greater
abundance than the ultra high-energy neutrino sources to be explored by detectors such as the ‘Ice Cube’
Cerenkov detector now being constructed deep under the Antarctic ice sheet by an NSF sponsored
collaboration. Galactic neutrinos have a natural source in inelastic nuclear collisions through the semi-
leptonic decays of charged secondary pions. This source is expected to be of comparable intensity and
energy distribution to the high-energy phygtaons that are born from neutral pion decays in the same
collisions'*. Such neutrino sources, currently not~detectable with Super Kamiokande, could be seen by a
mega-ton class neutrino detector that runs for .Suych a scientific scenario is consistent with
the DUSEL scientific mission.

A large detector facility located in the above physics
research goals. The important technical energy
threshold, energy resolution, muon/electron dischimination, pat apability, time resplution
low-radioactivity detector environment, and dept tor. The capital and
operating costs for the detector are also a serious conC from the
precision sought for the CP-violation measur 203> 0.01) and from the
sensitive target mass needed to detect nuclgon decay. A measy 0% on the CP phase
will require a detector in excess of 100 KT, since current technology limi power to less
than about 2 MW.  For nucleon decay, it is cl¢ i nts_i itivigy of the Super-
Kamiokande detector, either a detector wi i , i ter efficiency, (or

both) is needed to advance this figle: S icy Qying more advanced

For the ngutri illati A it 1S important to obtain good energy
i it108 and a low energy threshold The required

stematic error with a practical calibration
ce questions constitutes an important goal

Lastly, the energy threshold and the depth of the detectof will determine the low-energy and low-rate
capability of the detector for the detection of solar and supernova neutrinos, and for detection of atmospheric
neutrinos, lithospheric anti-neutrinos and diffuse relic neutrinos from long past supernovae. The DUSEL is
expected to provide sufficient depth for these purposes, however, a detailed study of the trade-offs in depth
versus physics capability is needed for each of the technologies considered. Such studies will greatly benefit
from the availability of the software products that will be produced by the R&D discussed in the tasks below.



* M. Diwan et al., Phys. Rev. D. 68, 012002 (2003).
’ M. Diwan, "The Case for a Super Neutrino Beam". Proceedings of the

Heavy Quarks and Leptons Workshop 2004, San Juan, Puerto Rico, 1-5, June (2004). hep-ex/0407047.

S W. Marciano, “Extra Long Baseline Neutrino Oscillations and CP Violation”, arXiv:hep-ph/0108181 vi, 2001.
7 A. Strumia & F. Vissani, hep-ph/0503246 IFUP-TH-2005-06, Mar 2005.

¥ UNO EOI, http://nngroup.physics.sunysb.edu/uno/publications.shtml

? LAr Detector homepage, http://www.aquila.infn.it/icarus/exp.html

10 Super Kamiokand detector homepage, http://www-sk.icrr.u-tokyo.ac.jp/sk/index_e.html

"I SNO detector homepage, http://www.sno.phy.queensu.ca/

2.C.B. Bratton et al., Phys. Rev. D 37, 3361 (1988); K. Hirata et al., Phys. Rev. D 38, 448 (1988)

B M.L. Constantini and F. Vissani, e-Print Archive: a ro-ph/0508152

T Araki, et al., Nature Vol 436, No. 7050 (2005) p499.

2.0 Detector Technologies:

S

There are several competitive detec or concept

and st portmg technologigs proposed for the very large,

rrent state of the art, the long used technology that employs classic
ct neutrino eventy in water Cerenkov and liquid scintillator
chnologies #re being brought forward that, with a little
state of the art in neutrino detectors. We

photon sensors that will advance the
single-channel photomultiplier tubes to
detectors. A number of very interesting new
properly applied encouragement, could greatly ad
elaborate on these two R&D directions here.

Software Development: Dr. Chiaki Yanagisawa at Stony Brook University has performed a realistic study of
rejecting neutral current background to v. signal events in a water Cerenkov detector for the BNL very long
baseline neutrino oscillation experiment (VLBNO). The study was carried out using the Super-Kamiokande
water Cerenkov detector simulation, combined with newly developed event reconstruction techniques. The
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preliminary results of these studies indicate that the neutral current backgrounds in a water Cerenkov
detector can be reduced to a level below the intrinsic beam background of electron neutrinos'.
Improvements due to Yanagisawa’s novel reconstruction software techniques allow n° events (which often
produce double, overlapping rings or one dominant and one faint ring) to be better recognized and
suppressed. As a side product many proton decay modes with ©° decay products may benefit from these
sophisticated analysis improvements. More study is needed and further improvements are expected. The
study just described was carried out using the full Super-Kamiokande water Cerenkov detector simulation
using the BNL broad-band neutrino beam spectrum, incorporated by re-weighting atmospheric neutrino
spectrum which is already included in the\Meate Carlo program. Additional studies using a detector

like silicon pixel detectors, avalanche photodiodes and Scintillators. An advantage of this approach is
the ability to have multi-pixel readout. Such a readout combined with appropriate optics could
dramatically improve event reconstruction.

Path 1 Efforts - Several companies are already pursuing this path, most notably:
1) Burle Industries is working on Phase II of a DOE SBIR to develop 20" PMT manufacturing at a cost
of $0.75/cm? of active area including VDN and cabling (presentations'® at NNN05).
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i1) Photonis, Brive, France has carried out a study on the cost savings achievable by instrumenting large
surface areas using smaller PMTs. They find that the instrumentation cost using 50,000 20" PMTs at
Euro 2500/PMT is Euro 125M, whereas the cost of instrumenting the same area using 135,000 12"
PMTs at Euro 800/PMT is Euro 108M (presen‘[a‘[ions18 at NNNOS).

As shown above, efforts by various PMT manufacturing companies, aimed at reducing manufacturing costs
of traditional PMTs for large area detectors, are already yielding substantial savings. Additional support of
industrial efforts, through SBIR grants in partnership with BNL and University groups, is expected to be a
critical element in driving down the manufacturing costs. We also note, along these lines, that the cost of the
PMT scaling could be mitigated by using loweryphoto-sensor coverage while not adversely impacting some
nucleon decay modes or severely degrading the detestor’s VABNO event recognition/background rejection
performance. Comparisons'® between S
(19% PMT coverage), have shown th

photoelectron resolution.  Finally, having
reconstruction performance due to more finely in
can only be decided by vigorously pursuing R&D
hardware development .

P event

and on

Iso improve particle identification, energy
he critical elements in the above scheme
S cceptance) and a position sensitive photo-
sensor with good quantum efficiency over the visthle wavelengths, resolution of the order of few mm, single
photoelectron detection efficiency and good timing Tesglutign. Preliminary studies of these concepts have
been performed at BNL. These studies include simulation“of neutrino events in a detector instrumented in
the above manner as well as studies of the optical design, either using lenses or mirrors. Much more detailed
studies are needed as part of this R&D proposal.

A critical component in the R&D effort into light sensors for water Cerenkov applications is the existence of
a test facility where sensors can be tested in realistic conditions. BNL has constructed a small water



10

50 )
N . E .
\Q’/‘ﬂo / “E
ﬁ‘?i are ~ 7 +
n ) \\l\_ § . e =
ALEST =
K‘x ./"/

. 3204°4gm

Fig. 2 — Schemalic of a mirror/to focus {erenkov light from~ertical muons.

Cerenkov test tank to measure Cerenkdy light fromverticallmuyons.using a variety of sensors. Cerenkov
light from cosmic muons was successfully™detected in the prototype tankuysing a PMT-as the sensor. The
current tank has been built with off-the-shelf components operdted at room temperature. Provisiohs have
been made to change the temperature of the tankas well as controlhe water purity.. Nevertheless/ further
investment is needed to develop a fully operatmg acility for testing “wagious sensors~and HV delivery
systems in a water filled environment. In par
1) BNL has made a des1gn of a light- focsmg mirror that~will improve the light tellection efficiency for

' I 1k, The shape~and size of the

prototype mirror chosen is illustrated|in Figure 2. T in@2 small pyoOto-type mirrors
from industry is estimated to be ardund $20.X e anfity.  One of our
. S evices in his laboratory

Q gh capacitance gf the traditional version of the APD causes
the noise level to be high for large area devices. The high ngise level means they have limited use in
applications that demand single photon counting ability, such as/water Cerenkov counters.

We are currently measuring the gain, noise and timing prapefties of various large-area/high-gain APDs from
different manufacturers. We have identified various improvements to the manufacturing process for these
large-area, high-gain APDs to reduce some fraction of the noise and improve the leading edge time of the
signal. As part of the same R&D, a water-proof packaging and high voltage (HV) delivery system has been



Fig. 4 — Hybrid DEP PMT

developed (by RMD Inc.) to allow APDs to be
immersed in water. Fig. 2 is a photograph of 2 water
immersible APDs, we are currently engaged in
testing these devices for gain, noise, long term
stability, and sensitivity to Cerenkov light.

Path 3 efforts - Hybrid PMT technologies have the
potential to reduce manufacturing cost while
preserving the excellent single photon detection
capabilities of PMTs. When combined with
appropriate optical components they could also
enhgnte performance with the addition of direction
sensitive capability for photons. One promising
direction, advogated by Ypsilantis and collaborators,
i approach, where the resolution on

lab at CERN also has been
astyuring large area (10 inch) Hybrid PMT’s.

between the photocathode and the silicon target, one
obtains \of order 5000-6000¢ signal electrons per
photo-eldctron, as compared with electronic noise
levels 0f/400 e; consequently, the signal to noise is
ypically, readout of these devices has a per-
channgl electronics cost of about $2. In addition to
good/signal to noise and low cross-talk, these HPDs
Sature a timing resolution of ~Insec. The gain of
the HPD could be significantly increased by
replacing the PIN diodes with high gain avalanche
photo-diodes. Prototype 5" and 13" HPDs, each with
a single APD readout, have been manufactured by
Hamamatsu- Photonics (Figure 5). Initial tests




indicate that the device has excellent single photon sensitivity as shown in Figure 6. Additional funding is
needed to purchase several prototypes of the Hamamatsu HPDs and to commission the manufacturing of
HPDs with multi-pixel APDs. Funding in support of the HPD testing effort is needed and is strongly
coupled with the Strategy 2 effort for developing a test facility and optics for water Cerenkov photo-sensors.
The building of an in-water Cerenkov testing facility (described above) and providing funding for dedicated
Laboratory personnel to design, build and maintain the readout electronics and HV delivery systems is
needed to advance this program.

In very large water Cerenkov and liquid scintillator detectors, PMTs and hybrid vacuum tube technologies
are subject to large pressures across their s For example, in a water Cerenkov detector the size of
of water experience a pressure of 85psi. Photo-sensors
ressure to dec1de their fea51b111ty for use 1n

based on vacuum tube technologies need extensy
a mega-ton detector. In addition to a watextest f:

Fig. 5 - Hammamatsu Hybrld P

2.2 Liquid Scintillator Improvements:

Research and development is needed now for 11qu1d sgintillator materials for potential use in three
important neutrino physics applications: 1) a hlgh -prevision/reactor neutrino detector to measure, or reduce
the upper limit on, the oscillation parameter sin” 26,3; 2) a novel mid-size detector for short-baseline neutrino
measurements; 3) a potential application in a 100 kT class experimental detector for long baseline neutrino
oscillations measurements and nucleon decay search physics.

To optimize the physics capabilities of the reactor experiment detector, R&D is needed for new liquid
scintillator (LS) materials. The resulting new liquid scintillators could also have applications for very large
neutrino detectors at a later stage of neutrino oscillations research. The R&D tasks proposed here will be
carried out by the BNL Chemistry Department's Solar-Neutrino/Nuclear-Chemistry Group, together with
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proposed collaborations with faculty members in the Physics Department of Indiana University for tasks (2)
and (3), and with faculty members in the Physics Department of Virginia Tech University for task (3). These
groups are well placed to pursue the proposed R&D in a way that capitalizes on each group’s strengths.

The BNL Group has performed R&D with liquid scintillators (LS) for the past four years, especially with
regard to the difficult task of preparing metal-loaded liquid scintillator, M-LS. This work was first done in
collaboration with R. S. Raghavan (formerly of Bell Labs-Lucent Technology, now at Virginia Tech
University) in connection with the proposed LENS low-energy solar neutrino detector. More recently, the
BNL Group has independently done R&D Wwith Gd-LS for the task (1) 0;3 experiments. As a result, the
Group has developed extensive expertise in ariety of~organic-chemical synthesis and purification
procedures for preparing the LS, and continue$ to seek In wents in its methods. There are very few

new scintillators to very large experins
the longer term.

oreover, the unique capabilities of liquid
Cerenkov and Liquid Argon technologies
by extending the scientific scope to topics with_low-energy/signals such as geo-physics and cosmology
phenomena. For example, the structure of the earth’s crySt and mantle could be elucidated by global
observation of anti-neutrinos emitted by the distributed Tadioactivity in these regions. The basic energy
budget of the earth addressed by geo-neutrino spectroscopy is of particular relevance to the DUSEL science
portfolio. A liquid scintillator based detector also offers the opportunity for a yes/no test of the hypothesis of
a still-operating fission reactor at the center of the earth by searching for the "smoking gun" of the geo-
reactor antineutrino signal. The clean antineutrino tagging capability will also allow experimental
observation of anti-neutrinos emitted both in the precursor and explosion phases of a new supernova and, via
detection and spectroscopy of the relic anti-neutrino background, from past supernovae. We believe that the
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Hyper Scintillation Detector (HSD) approach should be an integral component of any R&D program for very
massive detectors in future science programs, especially in the DUSEL context.

2.3 Liquid Argon Detector Improvements:

Over the past decade, there has been steady progress in the development of technology for tracking ionizing
particles by using an electron drift system utilizing electric fields in liquid argon (LAr) followed by
amplification of the collected charge and data recording by electronic methods®**. The further development
of this technology from the 1kT detector scale to the 100 kT detector scale could have a dramatic effect on
the conceptual design for a megaton-scale neu{ring detector with advanced nucleon decay search capabilities.

can also be detected in a water Cerenkov detector.
a water detector of the same fiducial mass
decay significantly.

this technology has been
ARUS group, whose efforts
in the construction of 300-
ton detector~modules” that can be transported by
uck?. Consideration of a 100 kT detector within a

ryostat began in 2001*> * based on a
i n of cost for a large detector of fixed

LY |_'

Y

the surface “using the technology of the liquified
natiwal gas industry (with support from the air-
liquification industry) is estimated to have a similar
cost p¢r ton of a large water Cerenkov detector (and
: < & to be/ ~1/2 the cost per ton of a large liquid
. e e - SF= A ‘ . 28 . .
e, WV - scinfillator”". The opportunity to combine a long-
bageline accelerator neutrino physics program with
spdies of neutrino astrophysics and proton decay
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Fig7. Schematic of 15 kT Liquid Argon Detector showing
outer tank, inner tank, wire and cathode planes, as well as
signal chimneys.

cannot, however, be realized with a detector sited on the Earth's surface. The feasibility and safety of
construction and operation of a large cryogenic detector at a deep underground site (Fig. 8) deserves
attention, and is the key topic for R&D on liquid argon detectors in the present proposal. R&D towards a
large liquid argon detector at a surface site will be pursued elsewhere cannot, however. A previous proposal
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to study issues related to an underground siting of a large cryogenic neutrino detector” was never carried
out.

R "-

R |lrrr'.'1lih d
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- Establish a realistic cost
(conservative) technology.

In addition, there are significant safety and technical issues raisgd by a contemplated underground detector
operated deep enough below the surface to avoi smic-ray generated backgrounds. In a LAr R&D
program, there would be positive advantages if the work1 ved collaboration of the interested university
and BNL physicists with the group at Fermilab® that is interested in liquid argon technologies. Such
potential collaboration is being explored with Fermilab researchers interested in the R&D topics noted

above.
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3.0 Proposed Research and Development Topics:

3.1 Simulation and Software R&D

Task 1 - Neutrino Source Simulation Software

Detailed and flexible software simulation of the neutrino flux from a very long baseline, proton-driver source
is essential for optimizing the beam line design and understanding the physics reach of the experiment. It is
necessary to create this code in a way that it remains relevant for the foreseeable future. To allow fast
implementation and to ensure adequate technicak Seftware support for the future, we plan to proceed within
the GEANT4 simulation framework. We estima

Proposed Work and Budget:
The projected software Task 1 R&D budget

R&D Task 1 — Budget by Fiscal r

Budget Item FY 2006 FY‘%O%)\ FY 2008~ Sum
(FY06 SK) | (EY06 $K)~|/TFY06 $K) 06 $K)
Personnel * 168 TN 17 SN202
Computing ]/() 2 2 12
Travel and Miscellaneous [7 Nl 7 21
Totals 185 26| 237

Task 2 - Water Cerenkov Detector Simiation/R

oQon

* Personnel needed: FY 2006, 1.0 FTE staff physicist/postdoc; FY 20§7, 0§, 0.1 FT

ction

26
Ttaff physicist

idea fully convincing demonstration that the Very Long Baseline

R&D Task 2 —Budget by Fiscal Year
Budget Item FY 2006 FY\2007\ FY 2008 Sum
(FY06 SK) | (FY06 SK) (FY06 SK) | (FY06 $SK)
Personnel* 42 42 0 84
Computing 5 5 0 10
Travel and Miscellaneous 7 7 0 14
Totals 54 54 0 108

* Personnel needed: FY 2006, 07, 0.5 FTE postdoc
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Task 3 - Background and Analysis Package for a Water Cerenkov Detector

The software developed in the tasks above is needed to understand and discriminate against background
events arising from neutral-current neutrino events containing one or more n’s. Conversion of a photon from
the n’s can simulate the recoil electron in charged-current signal events from vy to v oscillations. The
improved new background studies should be carried out independently of the software created at Stony
Brook University (SBU) using Super Kamiokande Collaboration software, so that the proposed
VLBNO/UNO simulation studies will benefit from the increased power and flexibility of the new VLBNO
software with its full freedom to vary paragteters and cuts to study and reduce backgrounds. The
background studies proposed in this R&D task tware development described in the software
R&D tasks above.

strengths in this project.

Proposed Work and Budget:

The projected software Task 3 R&D budget for BNL Yot the next three ye

R&D Task 3 #BNL Bu Fisc
Budget Item FY 200 FY 2007 Y 2008~ Sum
(FY06 §K) | (FYP6SK) | (FYU6.8K) | TRX06 $K) 7
Personnel * \42 K 1\7 T 76
Computing \3 N b ™ 5 13/
Travel and Miscellaneous 7~ \J5 16 NE 45
Totals N> 37 N 136

* Personnel needed: FY 2006, 0.25 FTE st 7,08, 0.1 RTE staff physicist AN

is a software system that performs a fast
comparison between, and combination

So far, the input files to GLoBES™gly on preliminary fast /simulations that parameterize detector
performance. As part of the detector R&Dywe would like to gomplete the study of all correlations and
resolutions. Further work on complete detector Stmulations wilf be introduced into our calculations as they
are completed.

One of the UNO collaborators at Stony Brook University (Dr. Chiaki Yanagisawa) has recently made much
progress with a more detailed study to reduce the background levels by using Super-Kamiokande
atmospheric neutrino event data, re-weighted to approximately match the VLBNO neutrino flux parameters.
These important analysis results need to be incorporated into the GLoBES input for the VLBNO experiment.
There is also an elaborate effort going forward to generate a full Monte Carlo simulation of, plus event
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reconstruction for, a 0.5 MT water Cerenkov detector. The resulting numbers, as well as any other future
changes to the experimental setup and predictions, should be incorporated in the GLoBES.

Besides the proposed water Cerenkov detectors, other techniques such as liquid scintillator and liquid Argon
are generally regarded as valid competitors for a very large neutrino detector. The outcome of any realistic
simulation for the experimental realization of one or more of these technologies can go into GLoBES for an
equitable comparison. It will ensure that any differences in the sensitivities observed are due only to the use
of different technologies and not to different methodologies or assumptions about the experimental
circumstances, e.g. the neutrino flux.
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Figure 9: The v, appearance spectrum for neutrineyunning (top left) and
(20,3 ) = 0.05 and no CP violation. The dashed histograms represent the background, while the dots include the signal. The
expected sensitivities (bottom left) on sin’ (20,3 ) and Scp result from § years of neutrino-only running for a wide range of true
values and assuming normal mass hierarchy. The exclusion limi tom right) on sin’ (20,3 ) at 68% and 95% C.L. for normal
(solid lines) and reversed (dashed lines) hierarchy (assuming 5 yrs of neutrino and 5 yrs of anti-neutrino running) in the case that
6,5 = 0 for different values of ocp . All results include a 10% error on the background normalization.

ti-neutrino (top right) for normal mass hierarchy, sin’

As described in a subsequent proposal section, a number of reactor experiments are proposed to measure 0;3.
The reactor experiments will clearly affect the prospects of any later super beam experiment. Observation of
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the 0,3 mixing angle by a reactor experiment will impact the strategy followed by the proposed VLBNO
experiment. GLOBES allows for an easy and transparent comparison of the impacts among the different
experiments.

Many aspects of the proposed R&D efforts in this document will improve our knowledge of the experiments’
capabilities and should be incorporated in the GLoBES inputs. We propose that a dedicated person from the
neutrino group at BNL maintain and update all the changes as they are developed.

The required software effort for this R&D project is 4 FTE-months during the first year to produce the
proper GLoBES input for VLBNO. Thereafier, it will require about 2 FTE-month per year for maintaining
the created GLoBES files including the wcoxporation of periodic detector updates. The GLoBES
calculations are CPU-intensive because of tRe lar@es.nu of parameters in the neutrino oscillation
probabilities. The resulting computing effort al\ BNL could meet increased load by using the currently

ars for R&D co 1Ses:

R&D Task iscal Year
Budget Item FY 2006 FY 2007 WISQ m
(FY06 SK) | (FY06 SK) | (FY06 (FY06
Personnel* S 5 25 101
Computing /5 T4 5 15
Travel and Miscellaneous /[ 7 7 Rl N
Totals | 63| /37 37 137

* Personnel needed: FY 2006, 07, 08, 0.3 FTE sta physicist/§loc;jY 2007, 08, 0.15

Other %(EQS:

3.2 Development of Photo Sensors for/W}ter enkov an

Task 5a - Con cintillator D&
A critical /component in the Ré i ight sensors fo erenkov (WC) or Liquid
Scintilla Cxd est Facility where sensors can be tested under

realistig up has designed and constructed a small
wC uons, using a variety of sensors.
Ceren tected in thie prototype tank using a PMT as
the sensor. langed in the near future. The current

delivery systems in a liquid~environment.
the program of photo-detector devige i

efficiency for Cerenkov light emitted from_vertical muons (the shape and size of the prototype mirror
chosen is shown in Figure 3); we need to acquite ercial vendor, 2-3 small prototype mirrors at
an estimated cost of $20,000/each;
i1)In addition, we would like to start R&D on manufactiring mirrors at low cost at high volume. These
mirrors should be able to withstand immersion in pure water for several decades. To our knowledge only
the SNO collaboration has done such R&D in the past, but for relatively small mirrors. Our collaborators
(Mel Ulmer and his group) at Northwestern University would like perform such R&D using their existing
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facilities. They require some funding for carrying this work out: support for 1 postdoc and student for 1

year and money for materials and manufacturing.

ii1) we need to acquire a commercial water filtration and purification system of appropriate capacity;

iv) we need funding support for the mechanical design and construction of a large water tank for measuring
the response of larger area and multiple sensor arrays.

We estimate staffing needs of 1.0 FTE postdoctoral physicist + 0.5 FTE of a mechanical technician, for each
of two fiscal years, FY 2006 and 2007, will be needed for design and construction of the WC test tank, for
mounting the focusing mirror, and for implegenting the water filtration and purification system. Operation
of the test facility in FY 2008 will require 1.0 ¥ TEpostdoc + 0.25 FTE mechanical technician.

physicist/engineer plus 0.25 FTE mechanical tee
testing capability just described.

Figure 5.
1 APD readout.

state sensors such as APDs. Since hybrid
detecting the emitted electrons, we would also like to study them separately to understand the challenges to
the electronics. The BNL neutrino group would Titke to/acquire more large area APDs from several
companies for performance characterization and comparison. For example, APDs manufactured by
Hamamtsu as well as more APDs from RMD.

We would like to continue pursuing APD R&D efforts in partnership with industry to improve the
manufacturing process of large area, high-gain APDs. We propose to encourage and promote:
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1) improvement of electrical properties and quality control in the APD manufacturing process, especially
for large-area and high-gain APDs that are still in the prototyping stage; the manufacture of larger
numbers of prototype APDs is needed to be able to assess response uniformity;

i1) continue the development of waterproof packaging, plus a high-voltage (HV) delivery system to allow
APDs to be immersed in water or liquid scintillator;

Given that APDs have significantly lower gain than PMTs, the coupling of high-gain APDs with low-noise
charge amplification electronics is critical to enabling good time resolution measurements with a good signal
to noise ratio. Different photo-sensors have different gain, input capacitance and series resistance.
Therefore, we would like to develop in-hqQuse, custom-made electronic readout that is best matched to the
electrical properties of the APDs under text™~This effort necessitates assembling an in-house Laboratory

individuals.

Proposed Work and Budget:
The projected Tasks 5a, 5b R&D budgets for

R&D Tasks 5a, 5b an

Budget Item FY 200 Y FY 2008 Sum
(FY065K) | (FYD5SK) | (FX06 SK) | (FY06 SK)
Personnel* / 417 417 \3{5 \1\1\29
R&D Test Items/Eqp. [ 150 | ,/—~_ 100 300
Travel and Miscellaneous \ 7]\ 7 o 21
Totals 574 >  [524 Y™~ 402 1500

* Personnel needed: FY 2006-08, 1.0 F or Wengine er + 1.0\FTE pqstdoc each year;
technician effort at the summed levels of 1.0, 1.0 anthQ.5 FTE in each of FY 2006, 07, 08, respectively/

The two main efforts currently goingQn in the Group are discusged below in Tasks 6 and 7

Task 6 - Gd-Loaded Liquid Scintillator for Re

The Solar-Neutrino/Nuclear-Chemistry Group (“the lear-Chemistry Group”) is a participant in two
existing U.S.-based 6,3 R&D projects: (a) the Braidwood experiment (co-spokesmen Michael Shaevitz of
Columbia U. and Edward Blucher of U. Chicago) that would be done at the Braidwood reactor in Illinois,
which is run by the Exelon Co.; and (b) the Daya Bay experiment (co-spokesmen Stuart Freedman of UC-
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Berkeley and LBNL and Yifang Wang of IHEP, Beijing) that would be done at the Daya Bay nuclear-reactor
power-station near Shenzhen, China, an hour’s drive north of Hong Kong.

Both collaborations (with the participation of the Nuclear-Chemistry Group) have been active for the last 1-2
years. In fact, in the fall of 2004, the Braidwood collaboration®' submitted identical proposals for R&D
funding to NSF and DOE; at that time, the Daya Bay collaboration®® made a brief R&D submission to NSF
recently it prepared a lengthy document to send to both NSF' and DOE. The purpose of these proposals is to
obtain funding on the order of $1 M eagh for continued R&D and for detailed engineering studies in
preparation for full-scale construction propogatsithat will be submitted in 2006.
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procedures for the synthesis of
concentrations ~0.1-0.2% by weight). Gd is a critical funftional element of the antineutrino detector, to
detect the delayed signal from the neutrons that are producgd by capture of the antineutrinos on hydrogen
(protons) in the LS. Because of its huge cross section for fn,y) capture, 49000 barns, Gd has been used for
many years to detect neutrons from nuclear reactors>” But the application of Gd-LS to antineutrino
experiments requires stringent constraints on the properties of the Gd-LS. Those that have been identified by
the BNL Group as key indicators of excellent Gd-LS performance in 0,3 experiments are: extreme long-term
chemical stability (for an operating period of the antineutrino detector of more than 3 years); high light
output; and high optical transparency (i.e., the optical attenuation length A. L. > 10 meters).
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Other important issues that the Group has begun to study include the chemical compatibility of the Gd-LS
with the detector vessel (which will likely be made of a plastic such as acrylic or nylon), and the assay,
removal and control in the Gd-LS of the chemical and the radioactive impurities from the naturally occurring
uranium and thorium decay chains. Some notable achievements that the Group has obtained to date, mainly
with pseudocumene (PC) as the organic LS medium (and more recently with a mixture of PC and dodecane),
are the preparation of samples of Gd-LS with: (1) excellent optical transparencies, with A. L. ~15 meters; (2)
light output ~95% of pure PC; and (3) perhagswmost importantly, stability of these crucial properties over a
period to date of ~300 days. Fig. 10 illustrates these-achievements; the attenuation length (AL) for several of

If one or both 6;3 construction projects
1dentical antineutrino detectors, eac Q
~2007, with data taking projected

Nuclear-Chemistry Group will cerfat

model where both ONP~and Office of High Energy Physicy (OHEP) shared in providing the U.S. part
of the funding, a new model™may be developed where ONP will focus on funding new double beta-
decay experiments and OHEP willMqcus on funding thefeactor 0,3 experiments. In that case, it will
be especially important that the BNL growp’s work be ificluded in the present BNL Neutrino Proposal
to OHEP.
(2) The BNL Physics Department has entered into discwssions with the Theta-13 collaborations with the
intention of joining the reactor neutrino efforts. The physicists in the department see the time frame
for the reactor experiments as complementary to the longer time frame for the VLBNO experiments.

Proposed Work and Budget:
The projected LS R&D budgets for the next three years for R&D Task-6 comprise:
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R&D Task 6 - Budget by Fiscal Year

Budget Item FY 2006 FY 2007 FY 2008 Sum
(FY06 $SK) | (FY06 $K) | (FY06 SK) | (FY06 $K)
Personnel * 160 160 500 820
Eqp. and Chemicals ” 100 80 40 220
Totals 260 240 540 1040

? Personnel needed in addition to those who will be sugported by the BNL LDRD: FY 2006 and 2007, 2 postdocs; FY 2008, 2 staff
physicists + 2 postdocs
® By FY 2008, construction should have started on the eriqents, spthat requirements for chemicals and equipment will be

reduced for R&D

Prototype Calorimeter - The proposed pe detector with a (50cm)’
liquid scintillator volume (0.125 m® or fting fibers to
detect the light from neutrino and neutron in d for the
FINeSSE experiment’™ to measure neutrino react detector at a~agar (~100m) locatipn with

an intense neutrino source. A mid-sized proto 4 ate the tracking and
reconstruction capability of this detector technique.

In addition to demonstrating the viability of this neutrino dete ype would allow us to
investigate various liquid scintillators These
elements are noted for high neutron detec <LS wjll be used in the
planned antineutrino experiment to measurs gieasurement of the
neutron capture efficiency on Gd.

This program would also allow fo atl i ' bor-based organic- liquid
scintillator. These have the dra ¢nse, and, for\geveral organic LS, ¥elatively low flash point.
Megaton-scale underground detéctors are likely tQ be water-based. liquid scintillator could
be used in 4 tracking defecte i S s igh rates on oxygen and be

f 16 by 16 (768) wavelength-shifting
S) fibers (a total of). The fibers have a diameter
mm and are 2.5 cm apart. The ends of the

addition, an optically-separated veto region will
rround the inner volume in order to tag entering
or exiting particles. This region will be also be read
out with a (sparse) WLS fiber array.

The readout electronics are being developed at the
Indiana University Cyclotron Facility (IUCF), based
on a scheme that is in use for the STAR end cap
detector at RHIC. The signal from each MAPMT

Figure 11. A schematic diagram of the proposed detector



channel is sampled continuously at a 10 MHz rate by a 12-bit ADC. After a pulse is encountered, the sample
information is converted to a pulse amplitude and time (with a resolution of + 0.1 ns) by an on-board CPU.
The board also contains the high voltage supplies for the photomultipliers. Eight such boards are packaged
together to read out one entire MAPMT and are powered by a 48V (12W) power supply. The data are sent to
the data acquisition computer via Ethernet (or equivalent) for further analysis.

This detector concept was developed for the FINeSSE experiment to measure neutrino-nucleon neutral-
current elastic scattering and was motivated\by the desire to precisely reconstruct 100-1000 MeV proton
pe of thlS s1ze will allow us to measure several physics

. trackmg of protons and muons in(three dimep 510ns
« neutron identification via its dela

« viability of the on-board electronics

« the construction of this intricate detectore

and water-based.

Gd-loaded liquid scintillator

cosmic rays or environmental activi

Li-loaded liquid scintillator
The addition of °Li to liquid scintillator would™snable the détection of neutrons with high efficiency and
good spatial resolution. The thermal cross section fort
energy deposition of approximately SMeV. This would allow for neutron detection with a better localization
of the neutron capture location because the signature is the emission of an alpha which deposits energy in the
detector at the neutron capture point. The intense ionization deposition by the alpha is likely to cause
saturation of the light signal but this will not contravene the improvement in spatial localization. This is in
contrast to the Gd-capture reaction that produces gammas that may travel tens of centimeters before
depositing energy. The end result would be a scintillator that allows for better separation of neutrino-
induced neutron production from background sources.
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Water-based liquid scintillator
The successful development of water-based liquid scintillator would allow for an inexpensive, ecologically-
friendly, safe alternative to commonly used carbon-based scintillators. In addition, it could be used in a
near-detector on a long-baseline experiment to measure neutrino interaction cross sections on oxygen. These
are requisite to extracting precision oscillation measurements from megaton-class water neutrino detectors.
The detector technology proposed here is a good-candidate for such a near detector. It does not require a
long-attenuation-length scintillator since the fiber spacing is on the order of a few cm. Scintillators that are
designed to be mixed with water do exist (e.g. Inflow2:1 from IN/US Systems®”). However, they are
designed to be used in water at a relatively gmall water to organic component ratio, nominally 1 5 or less.

This Task will be a collaborative ¢
Nuclear-Chemistry Group at BNL.

Proposed Work and Budget:
In this Task 7, the IU group is proposing to bui e (56 er/liquid scintillator detector

collaboration with BNL scientists in the

capital equipment required to build : mechanical
components and liquid scintillator. dian University wi S nnel required to
build the device using other funds. We expect to procyre the equipment mainly first year funding.
R&gTas\kv\— 1Y Budget by Fm o
Budget Item / Y 2006 > FY 20 FY2008 | \ “Sum
(FY06 $ (FYO06 $ (FY06 $K) (FY06 $K)
Personmel™” 168
Miyferials and Supplies 150 200
30
398
*Persofinel needed: FY 2006 and 200
We are als Group to develop the optimum liquid
scintillator to fi quired person will be’a BNL scientist with experience in

liquid scintillator che
years.

New concepts are being developed for using Liquid Scintiflator (LS) as the detection medium instead of
water-Cerenkov in novel size neutrino detectors on the scale¢ of >100 ktons. The new R&D work for such a
detector below has been discussed with Prof. R. S. Raghavan of Virginia Tech University (VTU).

The VTU R&D project is proposed by a group of scientists who have contributed to the science addressed by
the proposed Hyper Scintillator Detector (HSD). The proposing experimentalists are leading scientists that
have made pioneering contributions to the conception, design and operation of large-scale high and low
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energy detectors (BOREXINO, IMB, KamLAND, MACRO and Superkamiokande ) that employ both water
Cerenkov and liquid scintillation methods. A generic detector of HSD type has been under consideration for
some time by members of the group from various points of interest.

Proposed Work and Budget:
Liquid scintillation technology itself is a mature technology and is used in modern massive detectors such as
KamLAND and BOREXINO. The specific applications to high energy physics problems, as well as a
optimization for combined high and low energy objectives, is new. We foresee four major directions that are
most fruitful for further development of a very massive detector strategy:

1. Simulation work for application of scintillations to proton decay

2. Simulations of long base-line oscillations i

Budget Item Sum
(FY06 $K)
Personnel® / 400
Hardware, Travel and Miscellanedus /S0 SSQ 0 / 100
Totals \ \_ 25 250 o/ 500

¢ Personnel needed: FY 2006 and 2007, 4 postdoctorW VTU.

Task 8b - LS R&D Centered at BNL

The BNL Nuclear Chemistry Grogp ell placed to contribute to s ge-scale projects since, as noted
earlier, it has performed R&D with liquid scintilators (LS) fo irst in collaboration with
Raghavan 1 ow-energy s neutrino detgctor and, more recently,
with the istry Group in all of this

question Yo

R&D, ~concerns the<Jong-term stability of the LS, since several
proposg¢d new experimen ' everal years. It is conceivable that, in the
case of organic LS that is not 16z KamLAND), it may be possible to
chemt n. Howeyer, even /n that case, the purification steps
will be di ponent. For example, the added
fluors will behav an will the liquid components of the LS. In the
case of metal-loaded purification, steps aftex the chemical synthesis has been completed
will be close to impossible ation steps will reinove the metal that had been intentionally

he greater than kiloton s

steps will be difficult to implement on™ ales that are being considered for the next-

generation experiments.

In view of these potential problems, the BNL Nuctear Chemistry Group has paid close attention to
developing purification methods that can be applied before and during the chemical preparation of the LS,
e.g., to remove chemical and radioactive impurities from the LS. We also continue to develop techniques to
monitor the long-term stability of our LS formulations, in what we refer to as a QC program. In particular,
we have purchased and/or developed equipment to measure what we consider to be two of the key
characteristics of the LS, its light output and its attenuation length (AL). For example, we have developed
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new systems to measure the AL of liquids: a 1-meter laser-based system (at a wavelength of 442 nm) and a
new 2-meter system that we are currently building, that will use LED’s to provide light at several different
wavelengths, in order to measure the light transmission in the liquids as functions of pathlength and of
wavelength. We are doing this work in collaboration with members of the Neutrino Group in the BNL
Physics Department.

The BNL Nuclear Chemistry Group is also considering improving its capabilities for doing low-level nuclear
counting, to measure the signal decay time and the photon production efficiency per unit incident energy,
and to measure radioactive contaminants in thg and in materials that are being considered as candidate
construction materials for new neutrino detector, Concgomitanf.issues concern the chemical compatibility of

In essence, the R&D at BNL for suchNong-term of LS for new neutrino
detectors will be in addition to our dedicateg work on O3 exp d-the Nuclear
Chemistry Group on the basis of our existing, un with
full capability for the preparation, purification, and ystematic monitering and analysis of new LS matgrials
This expansion will be phased in gradually in FY 208 ding decisiohs and
planning schedules will have been implemented ; 0 i >°“. This long-tange plan

proposed SNO-PLUS

Task 8B BNLR&D Badget by Fimar

Budget Item &006 “FY 2007 F 2008\5 Sum
SK) | FY06 SK)\| (FY06SK) ) (FX06$K)
Personnel /N 0] 80 360 \ 440
Eqp, And-Chemicals | ~_ 0 60 60 ] 120
/_ Totals 0 140 420 7 560

d Personr;el/e/eded: FY 2007, 1 postdoc; FY
3.4 Liquid Argon Large DetectorR&D

fficiencies for v, and 7’ hackground rejection in a LAr detector of
at a LAr detector/can operate with acceptable live-time for
neutrino-beam based oscillation physics in the surface (or neay‘surface) cosmic ray background (ignoring
proton decay). This work will involve staff physicist and pogtdoc effort over the next two years and will
require that new software be created to simulate a 100 kT LAf drift detector, the behavior of neutrino signal
events and cosmic ray background events in this detector and to demonstrate the hypothesized properties of
such a new detector for neutrino oscillation physics.

simulation activities to establish credib
this scale. It will also be important to veri

A second important task is to establish a realistic cost estimate for a 100 kT LAr detector, based on current or
reasonably achievable (conservative) technology. This work will involve collaboration between physicists
with mechanical, cryogenic and electronics engineers to produce a credible conceptual design for the
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detector and its support systems and create a preliminary cost estimate for this design. Task 9 does not
envision pursuing the geo-technical engineering effort to produce a conceptual design for excavating and
stabilizing the large, deep underground cavern to house the LAr detector. However, this task will produce a
conceptual design for operating the cryogenic gndhair safety technical support systems in the cavern. This
work will be carried out in collaboration with uniyersity~physicjsts from Yale, Princeton and UCLA .

Proposed Work and Budget:
The projected software Task 9 R&D bydget for thenext thyee years for R&D comprises:

R&Dask 9 —

Budget Item FY 2006 | FY 2007 \E,{zm\ Sum~_J
(

(FY06 $SK) TNEFY06 $K) 06 SK) T~EFY06 $K)

Personnel* 190 190 190 570
Travel and Miscellaneous 10 10 T304
Totals 200 200/ 200 600

e Personnel needed: FY 2006, 07, 08, 1 FTE postdog¢? FY 2006, 07, er
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